Soups and broths are popular in the world due to their nutrition and flavor, and flavor compounds tend to be bound by the proteins in the soups and broth, influencing the flavor perception. Thus, identification of the major proteins in meat-based broth may present a basis for understanding protein adsorption of flavor compounds. The present study aimed to identify the major proteins in traditional Chinese chicken broth and to describe the structural changes of proteins during stewing (1, 2, or 3 h). As stewing time increased, protein content in the broth significantly increased. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) indicated that the macromolecule proteins (>10 kDa) in the broth were mainly gelatin and actin and that the micro-molecule proteins fractions (<10 kDa) increased substantially. The gelatin had an ordered structure even after 3 h of stewing, as seen by circular dichroism (CD) spectroscopy. The presence of reactive sulfhydryl groups increased remarkably with stewing time. The surface hydrophobicity of the proteins significantly increased within 2 h then deceased slightly after 3 h. The intermolecular crosslinks, as indicated by dispersion index, increased remarkably, consistent with the result of atomic force microscopy (AFM), which together suggested that protein aggregation increased during stewing. These findings suggested that gelatin was the structural protein in the broth system and that intermolecular crosslinks functioned to maintain the broth system.
INTRODUCTION
Soups and broths made by stewing meat, fish, or vegetables are both delicious and nourishing and are enjoyed worldwide (Ke et al., 2011) . Traditional Chinese chicken broth recipes often call for yellow-feathered chicken meat, water, and spices such as ginger, garlic, and star anise, with salt added only right before eating. Meat from the yellow-feathered chicken is the most important material because of its unique flavor Duan et al., 2015) and textual characteristics (Li et al., 2015) . In China, production of meat from the yellow-feather chicken breed reached 4,445 kilotons in 2015, accounting for 31.8% of the total yield of broiler meat (Zheng et al., 2016) .
Earlier research on chicken broth has mainly focused on broth flavor, identifying the main taste-related C 2018 Poultry Science Association Inc. Received June 24, 2017. Accepted January 9, 2018. * Corresponding author: xlxus@njau.edu.cn This research was funded by China Agricultural Research System (Beijing, China, CARS-41) compounds as free amino acids, nucleotides, minerals, and organic acids (Krasnow et al., 2012; Jayasena et al., 2015) . The molecular weights of these compounds are generally less than 1 kDa. Moreover, the low-molecular-weight peptides that enhance the umami flavor are also present in broth (Tamura et al., 1989) . Except taste components, the aroma compounds in chicken broth mainly include methylpyrazine, 2-ethyl-4-methylthiazole, 3-(methylthio) propanal, and (E,E)-2,4-decadienal (Takakura et al., 2014) . These volatile compounds tend to be bound by the proteins in the broth, since proteins provide hydrophobic pockets, amino acid side chains, and terminal ends for interaction (Wang and Susan, 2015) . Although studies such as these on broth flavor have been performed, there are few reports on the major proteins in broth. Zhang et al. (2013) reported that the major proteins in crucian carp soup derive from myosin heavy chain and sarcoplasmic proteins. Given this result, it is possible that the thermal degradation products of myofibrillar and sarcoplasmic proteins would be the predominant proteins in chicken broth. This work aimed to illuminate whether these or other major proteins exist in chicken 1852 broth produced by long-term boiling of traditional Chinese yellow-feathered chicken meat.
In recent years, the mechanisms behind the binding of flavor compounds by proteins have been studied (Zhou et al., 2014; Wang and Arntfield, 2016; Lv et al., 2017) . This binding not only contributes to flavor modulation, but also may be useful for improved sensory properties of meat products. The critical factors influencing the binding of flavor compounds mainly include the type, content, and conformations of the proteins, the aroma compound, and the ionic strength, temperature, and pH of the medium, (Pérez-Juan et al., 2008; Zhou et al., 2014; Yang et al., 2017) . For instance, sarcoplasmic protein bind higher quantities of the volatile compounds 3-methylbutanal, 2-methylbutanal, 2-pentanone, hexanal, methional, and octanal than do myofibrillar protein (Pérez-Juan et al., 2008) . With increasing G-actin concentrations, the binding of 3-methylbutanal, hexanal, methional, and octanal decreased significantly due to protein-protein interactions that lead to a remarkable decrease in protein-ligand interaction (Pérez-Juan et al., 2008) . Any changes in protein conformation may influence flavor-binding behavior. For instance, more flavors are bound during protein unfolding and less during protein aggregation (Kühn et al., 2006) .
As a consequence, the types of protein and changes in protein content and conformations may lead to different interactions between proteins and volatile compounds, affecting the flavor perception in chicken broth. Thus, the objectives of this work were to identify the major proteins in broth made by stewing Chinese yellow-feathered chicken and to describe their structural changes during stewing. Identification of the major proteins in meat-based broth would be beneficial to understand how chicken proteins adsorb flavor compounds, which may then be targeted for modification in order to improve broth flavor.
MATERIALS AND METHODS

Sample Preparation
Live, domesticated, female yellow-feathered chickens that had been fed for 300 days were obtained from Henan Sungo Agricultural and Livestock Co. Ltd. (Xinyang, Henan, China) , and the average weight of the live chickens was approximately 1,700 g. The 30 chickens were slaughtered and cleaned by a commercial chicken-processing company (Sungo, Henan, China). The neck and feet were removed before determining that the mean body weight was between 800 and 1,000 g. The bone-in chickens were split in half using a chopper (SL1020-A, Yangjiang SHIBAZI Group Co. Ltd, Guangdong, China) along the spine, and cooked in 4-L stainless steel pots (ST22J1, Supor, Hubei, China) with purified water (Yibao, Shenzheng, China) at an amount weighing twice the mass of the chicken meat. Three sets of 10 chickens were stewed for 1, 2, or 3 h.
The chicken meat was placed in the pot when the purified water was at 95 to 99
• C, and the start time was established when the soup temperature again reached 95 to 99
• C. The electromagnetic cooktop (C21-SC011, Joyoung, Shandong, China) was set at 300 W for 20 min, then 150 W for 20 min, and finally 300 W for 20 min. For the stewing for 2 h or 3 h, these settings were repeated 2 or 3 times, respectively. The soup temperature was monitored to maintain the temperature between 95 and 99
• C. After stewing, the oil layer (the top layer of the chicken broth) was removed. The remaining liquid was filtered through a 0.2-mm-mesh sieve to remove chicken solids.
The Concentrations and SDS-PAGE Analyses of Water Soluble Proteins
The concentration of protein in chicken broth was measured using the Biuret method. The original broth and adjusted broth (to protein concentration of 1.0 mg/mL) were prepared for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) by mixing with loading buffer (125 mM Tris, 4% SDS, 20% glycerol) containing 10% (w/v) β-mercaptoethanol and 0.001% bromophenol blue, boiled at 95
• C for 10 min. Samples were stored at -80
• C for subsequent SDS-PAGE.
The 4 to 15% precast gels (Bio-Rad Laboratories, Hercules, CA) were loaded with 10 μL of denatured protein solution. Proteins were separated by electrophoresis on a Bio-Rad Mini-Protean II system (Bio-Rad) at a constant voltage of 120 V for approximately 2 h. After electrophoresis, gels were stained with Coomassie brilliant blue R-250 and then destained by using ethanol and glacial acetic acid (Chen et al., 2016) . Gels were scanned (GT-800F, Epson, Japan) at a resolution of 600 dpi.
Circular Dichroism Spectrum Analysis
The circular dichroism (CD) spectrum was obtained using a Chirascan CD Spectrometer (Applied Photophysics Ltd, London, England). The chicken broth was diluted to 0.125 mg protein/mL and was loaded in a quartz cuvette with a 0.1 cm light-path. The sample was scanned from 190 to 260 nm with the following parameters: step size, 1 nm; time-per-point: 0.5 s; bandwidth, 1 nm. The spectra were an average of 6 scans. A mean value of 115 for amino acid residues was used for calculating the mean residue ellipticity (θ) (Losso and Ogawa, 2014) . Data were the means of duplicate measurements.
Surface Hydrophobicity and Reactive Sulfhydryl Groups Determination
Surface hydrophobicity was determined using 8-anilino-1-naphthalene sulphonic acid (ANS) as previously described by Zhang (2009) with slight modifications. An aliquot (10 μL) of 10 mM ANS solution (in 10 mM phosphate buffer, pH 7.0) was added to 2 mL of the original sample. The mixture was incubated at 25
• C for 20 min. The fluorescence was measured (SpectraMax M2, Molecular Devices Ltd., Sunnyvale, CA) using an excitation wavelength of 390 nm and an emission wavelength in the range of 430 to 510 nm at a 300-nm/min scanning speed. The surface hydrophobicity was expressed as fluorescence intensity (arbitrary units, a.u.).
Reactive sulfhydryl groups were determined using the method of Chen et al. (2016) with slight modifications. An aliquot (50 μL) of 10 mM 5,5 -dithio-bis-2-nitrobenzoic acid (DTNB) solution (20 mM phosphate buffer, pH 8.0) was added to 4 mL of the sample. The mixture was incubated at 25
• C for 30 min. The amount of reactive sulfhydryl was measured at 412 nm using a Microplate Reader (SpectraMax M2, Molecular Devices Ltd.). The content of sulfhydryl groups was expressed as micromoles of sulfhydryl per 100 mg protein, with a molar extinction coefficient of 13,600 M −1 cm −1 .
Particle Size and Dispersion Index Measurements
The particle size of protein was determined by detecting the hydrodynamic radius of particles in solution. In general, oxidation and thermal denaturation of protein could induce protein aggregates, contributing to the increase of average particle size of proteins (Sun et al., 2011a) . In addition, degradation of protein could result in the decrease of average particle size (Sun et al., 2011b) . The average particle size and the dispersion index (Span) were measured by an integrated-laser light scattering instrument (Mastersizer 2000, Malvern Instruments Co. Ltd., Worcestershire, UK) with relative refractive index set at 1.414 and absorption se at 0.001. When the chicken broth was filtered through a 0.2-mm-mesh sieve after the oil layer removal, the average particle size of chicken broth was recorded as D v,0.1 , D v,0.5 and D v,0.9 . D v,0.1 is the particle size that 10% of the sample particles are smaller than and D v, 0.9 is the particle size that 90% of the sample particles are smaller than. D v,0.5 is the particle size that 50% of the sample particles are smaller than and 50% are larger than (Sun et al., 2011b) . The average particle size was reported as D 3,2 . These indices of protein size were analyzed using the Malvern Mastersizer software (Malvern Instruments Co. Ltd.). The Dispersion Index (Span) was calculated according to the following equation (Palazolo and Sorgentini, 2004) :
Atomic Force Microscopy Analysis
Atomic force microscopy (AFM) images of the samples were obtained by using an XE-70 non-contact atomic force microscope (Park System Corp., Su- won, Korea) equipped with an aluminum-coated silicon probe working under the tapping mode (frequency 300 kHz, spring constants 40 N/m, scanning rate 1 Hz). A droplet of the original sample solution (200 μL) was deposited onto a newly cleaved mica slice and dried at room temperature (25
• C) for 12 h. The 3-dimensional structures were analyzed by using the Park System Analysis software (XEI 1.8.0., Park System Corp.).
Statistical Analysis
All data are presented as mean ± SD (standard deviation) values of 4 independent experiments. The analyses of variances were analyzed by one-way analysis using SAS 8.0 (SAS institute Inc., USA). The means were compared using Duncan-multiple range test and the significance of difference was set as P < 0.05.
RESULTS AND DISCUSSION
Water Soluble Protein Content Analysis
Protein concentration in chicken broth increased remarkably with increased stewing time, from 1.25 mg/mL after 1 h to 3.82 mg/mL at 3 h (Figure 1) . Similar results have been reported for chicken and fish stocks as cooking time increased (Krasnow et al., 2012; Zhang et al., 2013) . It has been established that high intensity cooking promotes heat denaturation and degradation of proteins in meat and that the water-soluble degradation products can be transferred into the cooking liquid, causing the increase in protein content.
SDS-PAGE Analysis
The electrophoretic patterns of proteins in chicken broth obtained at different stewing times are shown in Figure 2 . The gel loaded with the original concentrations of the chicken broth samples indicated that the staining density of the major protein bands and the protein size distributions were similar between the stewing times (Figure 2A ) for macromolecule protein fractions greater than 10 kDa. The optical density of each band in gel (Figure 2A ) was quantified using Quantity One software (version 4.6.6, Bio-Rad). This result indicated that there was no significant difference in any of the proteins bands between each group (data not shown). This result was consistent with a previous report showing that no different bands are observed even after simmering for 4 h (99
• C) (Krasnow et al., 2012) . However, in the concentration-adjusted protein samples, the staining density of protein bands greater than >10 kDa decreased as stewing time increased ( Figure 2B ). This phenomenon indicated that the proportion of large proteins in the chicken broth decreased as stewing time increased. The increase in protein concentration (to 3.82 mg/mL) can be mainly attributed to increases in the smaller protein fractions (<10 kDa) with prolonged stewing.
The predominant protein bands in the gel were concentrated in the vicinities of 130 kDa and 40 kDa, which matched the α subunit of collagen (130 kDa for α 1 and α 2 ) and actin, respectively (Zhang et al., 2013; Widyasari and Rawdkuen, 2015) . These identities were confirmed using liquid chromatography-mass spectrometry (data not shown). These results indicated that the predominant proteins in chicken broth were derived from collagen (gelatin) and myofibrillar proteins. According to the result of quantitative analysis of protein bands based on the optical density of each band, the predominant proteins accounted for 31 to 33% of total protein in chicken broth (data not shown). The appearance of medium molecular weight bands (55 to 120 kDa) originated from the result of liquid chromatography-mass spectrometry (data not shown), such as nebulin, sarcalumenin, and desmin, could be resulted from the migration of protein from meat to broth. The origin of low molecular weight bands (10 to 35 kDa) could be contributed to the degradation of myosin heavy chain (Zhang et al., 2013) , or the migration of protein from meat to broth such as troponin T, troponin I and beta-actin (data not shown). In previous reports, myosin heavy chain (MHC) had been also found in fish broth (Zhang et al., 2013) , although there were some differences in the major proteins. In the crucian carp soup, the major proteins were MHC and actin, while low-molecular-weight bands (14 to 45 kDa) appeared after 2 h of cooking (Zhang et al., 2013) . These discrepancies could be due to the different material and ingredients used for the broth. For the fish stock, 0.5% NaCl was added to the liquid, and myofibrillar proteins are known to be saltsoluble (Chen et al., 2016) . In contrast, only chicken meat and purified water were used for stewing in the present research. Furthermore, MHC is less thermal stable than actin (Huang et al., 2011) . Thus, in the chicken broth, a lesser amount of water-soluble MHC may be degraded within 1 h of stewing. In addition, chicken skin contains numerous collagens, which degrade thermally into gelatin and change from water-insoluble (collagen) to water-soluble (gelatin). Crucian carp skin and meat contain relatively small amounts of collagen, thus the intensity of the bands (around 130 kDa) was not obvious in the electrophoresis strip. Moreover, the α bands were representative for the unfolding polypeptide chains of the triple helix (Zhang et al., 2006) , and α bands generally disappeared in the severely denatured state, as seen in bands of less than 100 kDa (Zhang et al., 2006) . Together these results suggested that an ordered gelatin structure still existed in chicken broth even after 3 h of stewing, since the α subunit was still present. 
Circular Dichroism Spectrum Analysis
Ultraviolet CD spectrum analysis was performed to evaluate the secondary structure of proteins in chicken broth after different stewing times (Figure 3) . A positive peak at ∼220 nm and a negative peak at ∼199 nm were found in chicken broth, which are characteristic of the CD spectrum of collagen or gelatin (Greenfield, 2006; Li et al., 2009; Losso and Ogawa, 2014) . This result confirmed the presence of the α 1 and α 2 subunits of collagen protein as seen in the SDS-PAGE analysis. This CD result can eliminate the role of actin in the structural profiles of chicken broth, due to the presence of 2 negative bands, near 208 and 222 nm of CD spectrum, that are characteristic of myofibrillar proteins (Deng et al., 2015; Chen et al., 2016) . Moreover, previous CD spectrum studies of collagen or gelatin reported that the negative and positive peaks shift to higher wavelengths due to the denaturation of gelatin (Gómez-Guillén et al., 2002; Greenfield, 2006; Gopal et al., 2011) and that the positive peaks around 220 nm disappear completely as the gelatin completely denatures (Wüstneck et al., 1988; Gómez-Guillén et al., 2002; Zhang et al., 2006) . Given that these results together indicated that the gelatin in broth had a certain ordered structure and did not completely denature, it was concluded that gelatin should be the structural protein in chicken broth.
The positive peak at 220 nm commonly represents a triple helical conformation, and a negative peak at 197 nm suggests an aggregation of collagen or gelatin molecules (Gómez-Guillén et al., 2002; Fullana, 2015) . In the chicken broth, there is no significant difference in the positive peak and a marked increase in the negative peak of the CD spectrum (Figure 3) . A decrease in the negative peak at 197 nm is likely due to promoted aggregation of gelatin molecules (Gopal et al., 2011; Fullana, 2015) . Thus, the increase in the negative peak observed here might indicate decreased aggregation of gelatin molecules during stewing. It is speculated that the hydrophobic amino acids were exposed through the deceased aggregation of gelatin molecules prompting the measure of surface hydrophobicity ( Figure 4A ).
Surface Hydrophobicity Determination
SDS-PAGE and CD showed that the predominant proteins in the chicken broth were gelatin and actin and that gelatin was the structural protein in the broth system. Thus, a measure of surface hydrophobicity was used to assess the exposure of the hydrophobic groups of gelatin. The surface hydrophobicity of gelatin in the broth increased markedly within 2 h of stewing, then decreased slightly after 3 h of stewing ( Figure 4A ), suggesting that more hydrophobic sites were exposed to the surface within 2 h of stewing and that some hydrophobic sites were buried inside the proteins after 3 h of stewing. Similar changes in surface hydrophobicity have been observed in the actomyosin from silver carp and pig muscle proteins during heating (Bax et al., 2012; Feng et al., 2016) . Moreover, it is generally accepted that heating leads to the exposure of hydrophobic groups, resulting in the reduction of intramolecular hydrogen bonds (Wüstneck et al., 1988) . The increase of surface hydrophobicity indicates a higher degree of unfolded or unaggregated proteins in the solution . This result was in accordance with the increases in the negative peak of gelatin in the CD spectrum. The increased exposure of the hydrophobic groups of gelatin may play an important role in stabilizing the components of a soup system (such as small proteins, fat, and hydrophobic volatile compounds), similar to the important effect of hydrophobic interaction on protein gelation (Liu et al., 2011) . In our previous research (Qi et al., 2017) , the constant exposure of hydrophobic groups may contribute to the stabilization of fat in the broth, causing that fat content increased significantly from 0.12% to 0.19% within 2 h of stewing. After 3 h of stewing, fat content remained constant, and it seems that fat changes were consistent with the changes in surface hydrophobicity of the gelatin in the broth. Moreover, it has been reported that the change in proteins conformation affected the protein-flavor binding due to the modification of the available binding sites Lv et al., 2017; Cao et al., 2018) . Protein aggregation could lead to the decrease in the number of binding sites for alcohols, however the increase in protein surface hydrophobicity enhances the absorption capacity of aldehydes and alcohols due to the enhancement of hydrophobic forces Cao et al., 2018) . Therefore, the constant exposure of hydrophobic groups in the broth could lead to the notable retention of hydrophobic flavor compounds, affecting the perception of flavor (Guichard, 2002) . Additionally, fat has a strong ability to bind volatile aroma compounds (Riéra et al., 2006) . Thus, an increase in surface hydrophobicity was a possible D v,0.9 : the particle size that 90% of the sample particles are smaller than; D v,0.5 : the particle size that 50% of the sample particles are smaller than and 50% are larger than; D 3,2: the average particle size.
Values are expressed as the means ± standard deviations (n = 4); a-c Means within a column followed by different letters are significantly different (P < 0.05).
reason for explaining that the hydrophobic volatile compounds in chicken broth substantially increased after 2 h of stewing (Qi et al., 2017) .
Reactive Sulfhydryl Groups Determination
Although gelatin does not contain disulfide bonds (Sarbon et al., 2013) , actin, derived from myofibrillar proteins, does. Thus, the reactive sulfhydryl groups were measured as a way to determine protein unfolding. As stewing time increased, the amount of reactive sulfhydryl groups significantly increased (P < 0.05) ( Figure 4B ), indicating the exposure of sulfhydryl groups to protein surfaces. A similar exposure of sulfhydryl groups has been observed in fish and pork gel (Liu et al., 2011) . The reactive sulfhydryl groups were increased through heating, which leads to both cleavage of disulfide bonds and activation of buried sulfhydryl groups through protein unfolding (Liu et al., 2011) . These reactive sulfhydryl groups may form new intermolecular disulfide bonds that would contribute to protein cross-linking and chemical binding between proteins and volatile compounds in the system (Lv et al., 2017) .
Particle Size and Dispersion Index Analyses
Changes in the mean particle size (D v,0.1 , D v,0.5 , and D v,0.9 ), average particle size (D 3, 2 ), and span of proteins in the chicken broth after different stewing times are shown in Table 1 . The values of D v,0.1 , D v,0.5 and D v,0.9 as well as D 3,2 decreased significantly (P < 0.05) with increasing stewing time. Similar results were found for sarcoplasmic proteins and myofibrillar proteins during the processing of Cantonese sausage (Sun et al., 2011a ). These decreases in particle size were consistent with the results of SDS-PAGE, which suggested a great increase in the portion of small proteins (<10 kDa) in the chicken broth as stewing time increased. This decrease in particle size parameters reflect that particle sizes correspond to protein volume fractions.
The Dispersion Index (DI) is representative of the uniformity of the measured system regardless of the median size (Palazolo and Sorgentini, 2004; Sun et al., 2011a) . A significant increase in the DI occurred during stewing. Similar results were found for the myofibrillar proteins during processing of Cantonese sausage (Sun et al., 2011b ). An increase in the DI is interpreted as crosslinking of proteins (Sun et al., 2011b) , thus the observed increase in DI herein suggested that intermolecular crosslinking of proteins was enhanced in the broth during stewing. As discussed in Figure 4 , the increased surface hydrophobicity and exposure of sulfhydryl groups of the proteins may contribute to the enhanced intermolecular crosslink. Furthermore, the increasing amounts of small proteins in the broth may be stabilized by the enhanced intermolecular crosslinking.
Atomic Force Microscopy Analysis
Changes in the overall protein structure profiles at different stewing times were monitored by AFM ( Figure 5 ). The result showed that the protein aggregates increased greater in the broth system during stewing. This could be explained by the increased intermolecular crosslinking (Table 1) . In general, intermolecular crosslinks are related to the exposure of some groups of proteins (Chen et al., 2016) . Due to the increased exposure of sulfhydryl groups and surface hydrophobicity, it is possible that gelatin and actin crosslinked with the small molecular weight proteins (<10 kDa), which would stabilize these small proteins and allow their substantial increase during stewing, resulting in more aggregation in the broth system. Nevertheless, the structural conformation of gelatin in the broth system was stable (discussed in Figure 3 ), consistent with previous reports that showed that the secondary structural conformation of gelatin is still stable in the presence of glycoproteins (Franzblau et al., 1976) , peptides (Gopal et al., 2011) or small molecules (Fathima et al., 2004; Mitra et al., 2011) .
In conclusion, in a broth made from boiled chicken, the remarkable increase in protein concentration with prolonged stewing could be mainly attributed to the increase in the small proteins fraction (<10 kDa). The large proteins in chicken broth mainly included gelatin and actin, which were derived from collagen and myofibrillar proteins, respectively. The gelatin retained an ordered structure even after 3 h of stewing, indicating that it is likely the major structural protein in the broth system. Increasing the stewing time increased the exposure of sulfhydryl groups and the surface hydrophobicity of proteins. Moreover, the increased intermolecular crosslinking contributed to the larger protein aggregates that occurred during stewing. Through this partial unfolding and subsequent exposure of the hydrophobic groups, the gelatin, as the major structural protein in the broth system, can stabilize the broth components. Further research could elucidate whether gelatin plays an important role in retention of hydrophobic flavor compounds and could reveal the possible mechanisms involved, both of which would aid in understanding flavor absorption in traditional Chinese chicken soup. 
